Objective To examine whether rituximab induction followed by glatiramer acetate (GA) monotherapy is more effective than GA alone for the treatment of relapsing multiple sclerosis with active disease.
Currently, the dominant approach in the selection of diseasemodifying therapies (DMTs) for the initial treatment of multiple sclerosis (MS) is referred to as "escalation" therapy. This promotes the utilization of low-efficacy/low-risk treatments as first line, followed by switching to higher-efficacy/higher-risk treatments if participants demonstrate "treatment failure." 1, 2 The challenge in implementing escalation therapy is in defining the threshold at which point a patient "fails" their initial DMT. [3] [4] [5] [6] [7] The escalation approach allows many patients to accumulate preventable disability early in the disease. 8, 9 As a result, there is a growing argument to use highly efficacious DMTs as first-line agents even if there may be higher risk. 1, 10, 11 Another approach is induction therapy, in which the goal is to initiate treatment with a highly effective immunosuppressive DMT, used for a short time to minimize risk, with or without a low-efficacy/low-risk agent for long-term immunomodulation. 10, [12] [13] [14] Given the significant costs and degradation of quality of life experienced by patients with poorly controlled MS, 15, 16 and the importance of initiation of early treatment, 17 the risks associated with short-term immunosuppression followed by conventional immunomodulatory agents may be outweighed by risks associated with inadequate control of disease activity.
The emerging role of B lymphocytes in the pathogenesis of MS 18, 19 suggests that induction strategies utilizing B celldepleting therapies may provide long-standing control of MS disease activity with a tolerable risk profile. 20 Rituximab (Rituxan; Genentech, South San Francisco, CA) is an anti-CD20 monoclonal antibody that depletes B lymphocytes. It is approved for the treatment of non-Hodgkin lymphoma and rheumatoid arthritis. 21 Studies of off-label rituximab in relapsing-remitting MS have shown substantial clinical effects on relapses and MRI activity, with an acceptable short-term safety profile. 20, [22] [23] [24] Glatiramer acetate (GA) (Copaxone; Teva, North Wales, PA), is one of the oldest and safest approved therapies for patients with relapsing-remitting MS, [25] [26] [27] but the efficacy of GA is modest in comparison to several other presently available DMTs. 28 The rationale for using GA as the maintenance therapy after rituximab induction is the observation that a key mechanism of action for GA may be the induction of regulatory B cells through interaction of GA with the B cell receptor, and subsequent inhibition of MS-related proinflammatory B and T cells through bystander suppression. 29 This study examines whether using rituximab as an induction agent followed by GA monotherapy is more effective than GA alone for the treatment of relapsing forms of MS with active disease.
Methods
Standard protocol approvals, registrations, and patient consents The study protocol was approved by the Colorado Multiple Institutional Review Board, and all study participants provided written informed consent before undergoing study procedures. Details on this clinical trial are recorded at clinicaltrials.gov (NCT01569451).
Participants Inclusion criteria
This study population was recruited from the Rocky Mountain MS Center at the University of Colorado in Aurora and included patients between 18 and 55 years of age with a diagnosis of clinically isolated syndrome (CIS) or relapsing MS as determined by 2005 revised McDonald criteria. 30 Patients with CIS who were eligible for the study had a history of one unifocal neurologic event and an MRI within the last year with at least 2 T2-weighted brain lesions measuring at least 6 mm in diameter. Relapsing patients eligible for the study demonstrated at least one clinically defined relapse and at least one (but not ≥15) gadolinium-enhancing lesion (GEL) on MRI within the year before enrollment.
Exclusion criteria
Medication-related exclusion criteria for the study were as follows: treatment with systemic corticosteroids within 30 days of randomization; previous treatment with interferon β, fingolimod, teriflunomide, or natalizumab within 3 months of randomization; treatment with mitoxantrone, cyclophosphamide, or any other chemotherapeutic agent for MS or malignancy within 12 months of randomization; or any prior treatment with alemtuzumab or cladribine. The following were other exclusion criteria: history of cardiac arrhythmias, angina or any other significant cardiac abnormalities; history of hepatitis B and/or C infection; history of any other clinically significant chronic disease of the immune system or a known immunodeficiency syndrome (such as HIV); attenuated live virus vaccination within 4 weeks of randomization; and white blood cell count less than 2.5 × 10 9 /L Glossary CIS = clinically isolated syndrome; CUL = combined unique lesion; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; GA = glatiramer acetate; GEL = gadolinium-enhancing lesion; HERMES = Helping to Evaluate Rituxan in Relapsing-Remitting Multiple Sclerosis; Ig = immunoglobulin; MS = multiple sclerosis; NEDA = no evidence of disease activity; P-GA = placebo-glatiramer acetate; PRO = patient-reported outcome; R-GA = rituximab-glatiramer acetate; SAD = sustained accumulation of disability.
or lymphocyte count below 0.4 × 10 9 /L. No female participant was pregnant or lactating and all were required to practice an acceptable method of birth control during the study period.
Study design
This was a double-blind, placebo-controlled, randomized, single-center study. Enrollment was conducted between October 2011 and April 2013, and the study was completed on the last follow-up visit, which occurred in May 2015. For randomization, patients were divided into blocks of 4, and within each block, 2 were randomly assigned to the rituximab-GA (R-GA) treatment, and the remaining 2 were assigned to the placebo-GA (P-GA) treatment by an independent statistician. These results were placed in sequentially numbered envelopes and sent to the dispensing pharmacy at the University of Colorado Hospital. The study pharmacist selected the envelopes for the next randomized patient in order of randomization and issued identical infusions bags of either rituximab (R-GA) or saline (P-GA). A disclosure envelope was prepared for each randomization number in case emergency unblinding becomes necessary.
The study, with 45 patients planned per group, was powered on a 2 independent-sample proportion test for difference in the proportion of patients with disease events within 24 weeks. For a P-GA proportion of 45%, and an R-GA proportion of 15%, a decrease of 0.3, similar to the HERMES (Helping to Evaluate Rituxan in Relapsing-Remitting MS) trial, 20 a 2-sample proportion test, at α = 0.05, would achieve approximately 90% power. Our final sample sizes, 26 and 27 for P-GA and R-GA, respectively, would have 65% power, under the same inputs.
Within 60 days of informed consent, all patients were randomized in a 1:1 ratio to either rituximab (R-GA arm) or placebo (P-GA arm) in a blinded fashion. Participants received an IV infusion of 1,000 mg of rituximab or placebo (normal saline) on study days 1 (baseline visit) and 15. On study day 28 (visit 1), GA therapy was initiated in all participants: 20 mg injected subcutaneously daily up to a maximum of 144 weeks.
Study visits occurred every 3 months with phone calls every month to assess for possible adverse events and relapses between study visits. The Expanded Disability Status Scale (EDSS), Multiple Sclerosis Functional Composite score, and MRI scans of the brain with and without contrast were measured at baseline and months 6, 12, 18, 24, 30, and 36. Additional patient-reported outcomes (PROs), including Patient Determined Disease Steps and various other performance scales (Modified Fatigue Impact Scale, 36-Item Short Form Health survey, Symptom Inventory-Short Form), were collected every month and every 6 months, respectively.
Complete blood counts with differential and CD19 +-lymphocyte levels were collected at baseline and every 3 months during the study period. CD19
+ was analyzed as a surrogate of CD20 + as it has similar expression and rituximab interferes with flow cytometric analysis of CD20 + lymphocytes.
Primary endpoint
The primary endpoint was the proportion of participants demonstrating no evidence of disease activity (NEDA), defined as those without any new combined unique lesions (CULs) on MRI, and without any protocol defined relapse following treatment initiation, and without a 3-month sustained accumulation of disability (SAD). The primary endpoint was also used to calculate the probability of being disease-free throughout the study for both treatment groups. A CUL is any new lesion defined as a T2 or proton density high-signal lesion ≥3 mm in diameter not seen on an immediate prior examination or a new gadolinium-enhancing T1 lesion unless they were in the exact anatomical region of a new T2 hyperintense lesion.
Protocol-defined relapses were a new or worsening neurologic symptom(s) with an objective change on the EDSS of at least 1.5 points for participants with baseline EDSS scores of 0 or 0.5, at least 1-point change for participants with EDSS of 1 to 5.5, or at least a 0.5-point change for participants with EDSS of 5.5 to 6.5. Symptoms must have been attributable to MS, last ≥48 hours, been present at normal body temperature, and preceded by at least 30 days of clinical stability. Participants were evaluated by a treating physician after a suspected relapse, with EDSS evaluations performed by an examining physician blinded to treatment assignment. SAD was met if these EDSS changes were sustained for at least 3 months. All 3 primary outcome measures were evaluated by a blinded examiner.
Secondary endpoints
The major secondary endpoints measured were the proportion of participants whose treatment failed, and the time to treatment failure, defined as having 2 or more CULs on an MRI, or developing a protocol defined relapse, or development of SAD. In practice then, a single new CUL, in the absence of relapse or SAD, categorizes a participant as no longer meeting NEDA, but not as having failed treatment. Additional clinical secondary endpoints included the proportion of participants with no clinical relapses, the annualized relapse rate, and the proportion of participants experiencing multiple (≥2) relapses during the study period. In addition, the proportion of participants requiring treatment with corticosteroids for relapse management and proportion of participants with SAD were also assessed.
The following were MRI secondary endpoints: (1) the proportion of participants with new CULs, (2) the number of new CULs, (3) the proportion of participants with new T2 lesions, (4) new GELs, as well as the numbers of (5) new T2 lesions and (6) new GELs in each arm.
Exploratory endpoints
Descriptive changes in overall longitudinal scores between baseline and 1-and 2-year follow-up over the study period were assessed for multiple PRO instruments including the quality-of-life 36-Item Short Form Health survey-Mental and Physical Summary score, the Performance Scales, the Patient Determined Disease Steps, the Modified Fatigue Impact Scale score, and the Symptom Inventory-Short Form.
Statistical analysis
Continuous variables were transformed when necessary and possible to render the distributions more gaussian. Rank-based methods were performed for highly skewed distributions.
Binary outcomes over time were analyzed with Poisson rate models. Time to treatment failure was analyzed with KaplanMeier curves and with Cox proportional hazards models. Counting of events was also performed using negative binomial models, and Cox proportional hazards models were considered as well. Change scores and mixed-model regression models were used for repeated measures for continuous outcomes, such as the PRO scales. These analyses were conducted in SAS version 9.4 (SAS Institute, Cary, NC). Participants were analyzed under intention-to-treat analysis.
Data availability
The study protocol and anonymized data from this study will be shared when requested by a qualified investigator.
Results
Recruitment and study flow Recruitment for this study occurred over a 27-month period. The flow of participants through the study is depicted in figure 1 . A total of 64 participants were screened for the study and 55 were randomized to either P-GA or R-GA induction. Twenty-six and 27 completed the baseline visit in the P-GA and R-GA groups, respectively. One participant in each arm withdrew before the 6-month MRI.
Baseline characteristics
As seen in table 1, there were no statistically significant differences between the R-GA and P-GA arms for any baseline measure. Two-thirds of participants were women, and mean age was 36.6 years. The vast majority of participants in both groups had relapsing forms of MS, with only 2 participants with CIS in each group. There was an apparently greater T2 lesion burden in the R-GA arm but this did not meet clinical significance (3,293 mm 3 R-GA vs 1,629 mm 3 P-GA, p = 0.0854). R-GA participants also had an apparently overall longer disease duration that did not meet statistical significance (R-GA 5.56 years vs P-GA 2.72 years, p = 0.0761). Participants were followed for a mean of 1.63 years (SD 0.83) in the R-GA arm and 1.52 years (SD 0.77) in the P-GA arm (p = 0.3974).
Primary endpoint
At the close of the study, a greater proportion of participants in the R-GA arm (12 of 27, 44.44%) than in the P-GA arm (5 of 26 participants, 19.23%) demonstrated NEDA (p = 0.0493). The probability of achieving NEDA over the study period is depicted by a Kaplan-Meier survival curve (figure 2). The R-GA arm revealed a greater probability of demonstrating NEDA beginning about 6 months from induction. This effect does not appear to be sustained, with the R-GA arm nearing the P-GA baseline within the study period.
Secondary endpoints
As is seen in table 2, over the study period, there were 10 participants (37.04%) in the R-GA arm and 18 participants (69.23%) in the P-GA arm whose treatment failed (≥2 new CULs, relapses, and/or SAD) (p = 0.0189). For the R-GA group, 3 failed treatment for new CULs, 6 had relapses, and 1 failed for SAD. For the P-GA group, 8 failed treatment for new CULs, 8 had relapses, and 2 failed because of SAD. Median time for a participant to reach treatment failure was twice as long for R-GA compared to P-GA (p = 0.0268). There were more participants with no relapses in the R-GA arm (n = 20, 74.07%) compared with the P-GA arm (n = 13, 50%), but this did not meet statistical significance (p = 0.0707). Figure 3 depicts the Kaplan-Meier curve for relapses in this study. One participant in the R-GA arm experienced multiple (2) relapses, as did 3 in the P-GA arm. There were also no significant differences regarding corticosteroid use, SAD, or annualized relapse rate.
Blinded analysis of MRI demonstrated less MRI activity within the R-GA arm as compared with the P-GA arm, with a smaller proportion of R-GA participants having new CULs, and there were fewer new CULs in total in the R-GA arm (table 2) . New T2 lesions drove the changes in CULs, with fewer participants in the R-GA arm with new T2 lesions (n = 7, 25.93%) than in the P-GA arm (n = 16, 61.54%) (p = 0.0089). There were also fewer total numbers of new T2 lesions in the R-GA arm, but there were no significant differences in the number of participants with new GELs or differences in the mean number of GELs between each arm.
Exploratory endpoints
There were no significant group differences in self-reported disability or quality of life for any of the tested PRO scales between baseline assessment and the end of study visit. Baseline scores for each group are presented in data available from Dryad (table e-1, doi.org/10.5061/dryad.f43591n). Abbreviations: CIS = clinically isolated syndrome; EDSS = Expanded Disability Status Scale; GEL = gadolinium-enhancing lesion; MS = multiple sclerosis; MSFC = Multiple Sclerosis Functional Composite; P-GA = placebo-glatiramer acetate; R-GA rituximab-glatiramer acetate. Figure 2 Probability of being disease-free between treatment groups during the study period P-GA = placebo-glatiramer acetate; R-GA rituximab-glatiramer acetate.
Since this was an exploratory analysis, comparisons in PRO overall scores for each of these scales was limited between baseline to 12 and 24 months within each study group and between groups. There were no differences found in any within-or between-group differences.
Pharmacodynamics
The R-GA arm demonstrated >95% reduction of CD20 +-lymphocytes (as measured by CD19 + counts) at the first follow-up visit at 3 months, and depletion was sustained for a mean of 9.83 months (95% confidence interval, 8.46-11.20) and median of 8.61 months (95% confidence interval, 8.29-11.36). By 25 months, mean CD19 + lymphocytes had returned to 60.4% of baseline values. In the P-GA arm, CD19 + lymphocytes remained relatively stable over the course of the study (figure 4).
Immunoglobulin (Ig) levels were measured at screening, 1 year, and on the last study visit. At the screening visit, IgG levels were below the lower limit of baseline in 5 R-GA participants (mean 619 mg/dL) and 2 P-GA participants (mean of 767 mg/dL). At 1 year, of the 5 R-GA participants with abnormal baseline values, 3 (60%) remained below the lower limit of normal with a mean IgG of 607 mg/dL. Both P-GA participants with baseline IgG levels below normal had normalized by 1 year. By the final end of study visit, IgG levels were within normal range for all participants (100% recovery). Abbreviations: CI = confidence interval; CUL = combined unique lesion; GEL = gadolinium-enhancing lesion; P-GA = placebo-glatiramer acetate; R-GA rituximab-glatiramer acetate. a Significant. For IgM, at the screening visit, 3 R-GA participants had IgM levels below the lower limit of normal (mean 35 mg/dL), while no P-GA participants were below normal. Three R-GA participants remained below the lower limit of normal at year 1 (mean 34 mg/dL), and one P-GA participant had IgM of 30 mg/dL. At the final end of study visit, 3 participants from R-GA and one from P-GA remained below the lower limit of normal, with an additional P-GA participant now also below normal (mean of 32 mg/dL for R-GA and 33 mg/dL for P-GA). IgA levels remained above the lower limit of normal for all participants throughout the study.
Safety and tolerability
All participants receiving rituximab or placebo induction experienced at least one adverse event, and the summary of adverse events is depicted in table 3. In the R-GA arm, there were 18 participants who experienced a combined total of 42 infusion-related reactions, while 11 P-GA participants experienced 12 total infusion-related reactions. All of these were mild grade 1 or 2 reactions that did not require hospitalization (data available from Dryad, table e-2, doi.org/10.5061/dryad. f43591n). Regarding serious adverse events, there were 4 hospitalizations of participants in the R-GA arm and 5 in the P-GA arm during the study period. One participant in each arm was hospitalized for pneumonia, and the participant from the P-GA arm hospitalized for pneumonia was separately hospitalized for MS relapse. Other hospitalizations in both groups were deemed unrelated to treatment (R-GA: knee surgery; P-GA: shoulder surgery, fibromyalgia, fall).
Discussion
Our results suggest that for participants with recent active disease, induction therapy with rituximab followed by GA was superior to placebo induction and GA monotherapy, with 44.44% of participants in the R-GA arm demonstrating NEDA vs 19.23% in the P-GA arm, although the effect appears to be temporally limited. Participants in the R-GA arm had fewer treatment failures, and longer median time to reach treatment failure, as well as fewer new T2 lesions, while no differences were observed for GELs. The lack of an effect on GELs may be attributable to the relative infrequency of MRI (obtained every 6 months), as GELs typically only last for 2 to 8 weeks, 31 while the residual T2 hyperintense lesions remain for years and are usually permanent. While there were a greater number of infusion-related reactions in the R-GA arm compared with P-GA, these reactions were mild/ moderate and there were no differences in serious adverse events. This further supports the growing body of literature that demonstrates that CD20 therapy is generally well tolerated with an acceptable safety profile. 24, 32 The role of immunosuppressive therapy with maintenance immunomodulation to provide increased efficacy compared with immunomodulation alone has been primarily addressed with mitoxantrone 12, 33, 34 and natalizumab. 35, 36 Mitoxantrone was the first high-efficacy drug to be studied, as originally it was the primary immunosuppressant approved for treatment of MS. In one study of mitoxantrone induction followed by maintenance interferon beta-1b, when compared with participants receiving interferon beta-1b with concurrent methyl prednisone for the first 6 months, the mitoxantrone group demonstrated delayed time to sustained confirmed disability, and the mean and cumulative numbers of new T2 lesions and GEL ions were significantly lower in the mitoxantrone group over 3 years. 33 In another study comparing mitoxantrone induction to placebo and then followed by maintenance GA, the mitoxantrone induction group showed an 89% greater reduction in number of GELs vs GA alone, and mean relapse rates in the mitoxantrone group (0.16) were half that of the GA group (0.32). 12 Other therapeutic strategies combining high-and low-efficacy treatments have also shown promise. A post hoc analysis 35 of the SENTINEL study 37 compared participants treated with interferon beta-1a and placebo to participants on interferon beta-1a plus natalizumab. Interferon beta-1a plus natalizumab had a greater risk reduction in sustained disability progression and reduced annualized relapse rates across all participants, with reductions of up to 58% for disability progression and 76% for annualized relapse rate in participants with highly active disease. Natalizumab added to GA maintenance also appears to outperform GA therapy alone, with a phase II, randomized, placebo-controlled study showing that the arm receiving natalizumab rather than placebo induction experienced reduced mean numbers of new GELs and T2 lesions and similar rates of infection and infusion reactions during 6 months of therapy. 36 Combination therapies utilizing 2 lowerefficacy treatments have not shown similar benefits. In the Combi-Rx (Combination Therapy in Patients with RelapsingRemitting MS) study, the combination of interferon beta-1a and GA was not superior to GA plus placebo in risk of relapse, although an effect was seen on some MRI metrics. 38 Despite the promising results of induction/maintenance and dual-therapy approaches described above, very little research has been performed with other treatment combinations. In this study, the induction effect of rituximab appears to be limited to about 30 months after a single course ( figure 1 ). This apparent failure of rituximab induction to result in a sustained reduction in the probability of being disease-free compared with the P-GA arm might be related to normalization of the immune system after the use of a single induction course. The decrease in probability of being disease-free in this study appears to mirror the repopulation of CD19 + B cells in R-GA to 60.4% of baseline by 25 months. Repopulation plateaued after 25 months reaching no more than 63.2% of baseline by month 33 and IgG levels were within normal range in all patients by this point. Given interindividual variations in B cell repopulation in participants receiving rituximab, 39 repeat dosing within the first year may be necessary, perhaps based on individual B cell repopulation responses, and may provide a more sustained response, but the growing evidence about the safety and efficacy of long-term CD20 therapy suggests that perhaps continuous therapy is the most appropriate treatment course in many patients. 18, 24 An alternative explanation is that induction with rituximab does not enhance the effect of GA once the effect of rituximab wanes.
There are several limitations in this study. It is unclear from the results how much of the enhanced effect in the R-GA arm was the result of GA maintenance therapy after induction, given that the HERMES trial data 20 show that compared with placebo induction, rituximab induction without subsequent maintenance dosing results in reduced mean numbers of relapses, annualized relapse rate, and reduced numbers of new GELs at 48 weeks after induction. In our trial, with far longer follow-up, the reduction in probability of being disease-free for the R-GA arm was evident up to 30 months (120 weeks). The sample size was small, with limited power as a result; a larger study may have identified a more prolonged effect. We were unable to perform subgroup analysis, for example, looking at the effect of prior treatment. It also is unclear whether the longer disease duration of the R-GA group, though not statistically significant, may have had a role in the waning early benefit in the R-GA group. Whether the effect of rituximab induction lasts beyond 48 weeks is not known. The addition of a third treatment arm of rituximab induction alone with placebo maintenance therapy might have answered this question. However, such a study would have a required a much larger number of participants and more resources than were available for this project.
In relapsing forms of MS with active disease, rituximab induction followed by maintenance GA therapy appears to be superior to GA monotherapy, but the effect is not sustained. Thus, a single dose of rituximab is, by itself, an inadequate induction agent in MS. It is unknown whether multiple doses of rituximab every 6 months would have a more sustained effect, including beyond the expected return of B lymphocytes after cessation of the intervention. The results of this study are also a reminder that successful therapies for MS either must be continued or change the underlying biology of the immune response to maintain effectiveness for a prolonged period of time. 
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